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In this study, six methods for the detection of Phytophthora ramorum in planta were compared using naturally infested rhododendron plant material. The methods included two immunological methods, one an enzyme-linked immunosorbent assay (ELISA) and the other using a lateral flow format (LFD). Three molecular tests based on the polymerase chain reaction (PCR) using TaqMan chemistry also were assessed, including two assays designed for specific detection of P. ramorum and one designed for genus-level detection of Phytophthora. Isolation followed by morphological identification also was assessed. The diagnostic values of each of the methods, evaluated based on diagnostic sensitivity, diagnostic specificity, positive predictive value, and negative predictive value, were calculated based upon the test results from 148 field samples. The "gold standard" used for the calculations was the final diagnosis, which was based on either a positive PCR result or successful isolation of P. ramorum. The Phytophthora spp. TaqMan PCR, ELISA, and LFD had higher sensitivities than the P. ramorum-specific methods, which make them useful as prescreening methods, where positive results must be confirmed by PCR or isolation. The article discusses practical advantages and disadvantages of each of the methods and how they are valuable in the diagnostic process, according to the circumstances of use (that is, diagnosis or surveillance) and in relation to the prevalence of P. ramorum infestation in the population to be tested.
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Phytophthora ramorum Werres, De Cock & Man in 't Veld was first described as a new pathogen on Rhododendron spp. and Viburnum bodnantense (×) 'Dawn' in Europe (40) . Initially, this new Phytophthora sp., first recorded in The Netherlands and Germany in 1993, was found incidentally and was not considered to be very harmful; this changed, however, when P. ramorum was identified as the causal agent of sudden oak death in California (30) , where it is a serious pathogen of oak trees. As a result, the European Union (EU) enforced phytosanitary emergency measures in 2002 to prevent the introduction and spread of P. ramorum in the EU (9) . The legislation includes regular inspections and eradication of infections in nurseries, trade with a plant passport of the most important host plant genera Rhododendron and Viburnum (Camellia was added in 2004), and surveys in parks. Since 2004, member states also are required to take appropriate measures in parks to prevent the spread of this organism (10) . Rapid and accurate detection of P. ramorum is essential to implement early and adequate management measures. For diagnosis of P. ramorum, several methods based on morphology and molecular techniques recently have become available (5, 8, (13) (14) (15) (16) 18, 20, 21, 27, 33, 35, 36, 40) .
Examination of morphological features depends on the isolation of the organism and requires a large amount of specialist knowledge. Isolation of P. ramorum is not always successful, because recovery rates are linked to suitability of the sample, freshness of the material, type of host material, and time of the year (30) . For example, isolations from trees or from samples taken during a dry season are difficult (14) . Reduced viability and presence of competing organisms such as other Phytophthora spp. may inhibit isolation of P. ramorum (30) . Furthermore, diagnosis based on isolation and morphological identification is time consuming and slow, taking 5 to 10 days.
Nucleic acid amplification via the polymerase chain reaction (PCR) also can be used to detect unviable organisms; therefore, it can be surmised that the rate of false negatives is much lower for this technique. This we showed in a previous study (20) , in which the diagnostic sensitivity (proportion of true positives correctly identified by the test) of PCR was higher than that of culturebased morphological identification (92 and 78%, respectively). Moreover, in contrast to morphological identification, PCR methods can be applied directly to the plant material without the need for culturing, making diagnosis possible on the day of receipt of the sample. Traditionally, PCR products are detected by agarose gel electrophoresis and ethidium bromide staining, which is laborious and time consuming. PCR also can be performed as real-time PCR where accumulation of PCR product is measured using fluorescence. Fluorescent detection of PCR products can be accomplished by use of either nonspecific DNA-binding of the fluorescent dye SYBR green or by sequence-specific hybridization with a fluorescent probe (23, 24) . The higher the starting copy number of the nucleic acid target, the sooner a significant increase in fluorescence is observed. A significant increase in fluorescence above a threshold value indicates detection of accumulated PCR product. This real-time detection of PCR products further reduces the analysis time, enabling molecular identification within 3 h.
Furthermore, fluorescent detection of PCR products in real-time PCR assays makes this technique more suitable for automation and high throughput testing. Several real-time PCR methods have been developed for identification of P. ramorum using SYBR green (5, 14) , TaqMan probes (13, 15, 33, 36) , and molecular beacons (5) . Real-time PCR technology also is suitable for on-site testing using portable real-time PCR equipment (35), although not for large-scale testing. Although PCR and isolation are the standard in diagnosis, these techniques are relatively expensive and depend on the availability of equipment and expertise.
A very cheap and simple immunological technique that allows large scale testing of Phytophthora spp. is the enzyme-linked immunosorbent assay (ELISA) available from Agdia, Elkhart, IN. This technique uses antibodies that recognize proteins that are unique to specific organisms. A variant in an immunochromatic format is the lateral flow device (LFD) available from Pocket Diagnostic (Central Science Laboratory [CSL], York, UK) (6, 22) , providing results within 10 min and, therefore, particularly useful for on-site testing. Currently available ELISA and LFD kits are considered to detect all known Phytophthora spp., but also detect some Pythium spp. In spite of this cross-reactivity, these kits have been useful for detection of Phytophthora spp. (22, 34) . ELISA has a low detection limit and can detect the presence of Phytophthora spp. at lower population densities than dilution plating (12) .
The United States Department of Agriculture, Animal and Plant Health Inspection Service, Plant Protection and Quarantine (USDA-APHIS-PPQ) encourages laboratories to use ELISA as a "prescreening" method, where only samples with a positive result are further tested by PCR and isolation (37) . The intent of using ELISA as a prescreen is to reduce cost and the number of samples that need to be processed for subsequent tests. So far, no studies have been published where ELISA results are compared with those of isolation or PCR.
The overall objective of this study was to determine the diagnostic values of all types of assays currently in use for detection of P. ramorum, including ELISA (Agdia), lateral flow immunochromatography (Pocket Diagnostic) (6, 22) , two TaqMan assays for detection of P. ramorum (13, 15) , and isolation followed by 
MATERIALS AND METHODS
DNA isolation from fungal cultures. The Phytophthora and Pythium isolates that were used for assessing the analytical specificity of Phytophthora spp. TaqMan assay are listed in Table  1 . Isolates were grown in the dark for 10 to 14 days at 20°C in pea broth (11, 21) . Mycelium was harvested and lyophilized, and total DNA was extracted using the Puregene Genomic DNA Isolation kit from Gentra (BIOzymTC, Landgraaf, The Netherlands) or the Wizard Magnetic DNA Purification System for Food (Promega, Leiden, The Netherlands) according to the manufacturer's instructions. The DNA pellet was dissolved in 100 µl of Tris-EDTA (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA). The DNA solutions were diluted to a DNA concentration of 5 ng/µl. Amplifications were performed with 1 µl (5 ng) of fungal DNA.
Samples. Samples from 111 Rhododendron ponticum plants with disease symptoms of P. ramorum (40) were collected from two sites in the Netherlands known to be infested: a monastery in Nijmegen (n = 74) and a private garden in Ede (n = 37). Samples also were taken from 37 healthy R. catawbiense plants maintained at the greenhouse of the Diagnostic Department of the Plant Protection Service (PPS), Wageningen, The Netherlands. The samples were collected in August and September 2005. Each sample consisted of five leaves or five stems taken from one plant (one sample per plant). Symptomatic tissue was excised from the periphery of lesions with a sterile scalpel. Symptomatic and healthy plant parts were rinsed in tap water for 10 s and cut into ≈0.1-cm 2 pieces with a sterile scalpel. For each plant sample, the plant pieces were mixed and distributed in several test samples (as described below) so that each test sample represents five plant parts. Total surface areas of 3 and 1 cm 2 (1 cm 2 corresponds to 30 mg) were collected for testing with the LFD (Pocket Diagnostic) and ELISA (Phytophthora PathoScreen kit; Agdia), respectively. The remaining plant pieces were rinsed with 50% ethanol followed by tap water, and 20 pieces (total surface area 2 cm 2 ) were collected for incubation on four agar plates (five pieces per agar plate). The remainder of the plant pieces was rinsed with 1% sodium hypochlorite followed by tap water. Two test samples with a total surface area of 1 cm 2 each were collected for DNA isolation. One was used for immediate DNA isolation using two different methods; the duplicate sample was kept at -20°C as reference material.
LFD. Pocket Diagnostic lateral flow test kits, each containing a, LFD for detection of Phytophthora spp. and a bottle with 5 ml of extraction solution and five stainless steel ball bearings, were purchased from CSL. The antibodies used in the LFD were supplied by Neogen Corporation (Lansing, MI). Testing was performed according to the manufacturer's instructions. Briefly, plant pieces with a total surface area of 3 cm 2 (90 mg) were placed in the extraction bottle and the bottle was shaken vigorously for 60 s to give a well-mixed suspension. Two drops (100 µl) of this suspension were put onto the LFD using a pipette and allowed to run along the membrane. Results were read 1 to 3 min after the appearance of the blue control line. The appearance of the blue test line indicated a positive test result and the test sample was considered to contain a Phytophthora spp.
ELISA. A double-antibody sandwich (DAS)-ELISA was performed with reagents from the Phytophthora PathoScreen Kit from Agdia according to the manufacturer's instructions. Plant pieces with a total surface area of 1 cm 2 (30 mg) were placed in a 1.5-ml microcentrifuge tube with a secure fitting flattop cap (Superlock tubes; BIOzymTC) containing a stainless steel bead (3.97 mm in diameter) and 300 µl of GEB2 buffer. The tube was placed in a bead mill (Mixer Mill MM300; Retsch GmbH, Haan, Germany) for 1.5 min at 1,800 beats/min. The mixture was centrifuged for 1 min at 14,000 × g and 100 µl of the resulting supernatant was used for the DAS-ELISA. Positive and negative controls were a lyophilized positive control purchased from Agdia and RNAse-and DNAse-free water, respectively. Absorbencies were measured 1 h after addition of substrate using a microplate reader (Model 680; Bio-Rad, Veenendaal, The Netherlands). The negative controls should read between 0 and 0.05; the positive controls should read between 0.5 and 2.0. Samples with absorbance values >0.5 were considered positive for the presence of Phytophthora spp.
Culture. Five plant pieces (of ≈0.1 cm 2 ) were placed on each of the following four plates: one water agar (1.5% agar no. 1) (Oxoid, Haarlem, The Netherlands), two synthetic nutrient-poor agar (SNA) (11) , and one cherry decoction agar (CHA) (11) . The plates were checked for growth of Phytophthora spp. after 5 to 10 days of incubation at 20°C in darkness. If a Phytophthora sp. was observed, its species was identified according to morphological features.
DNA isolation. Plant pieces with a total surface area of 1 cm 2 (30 mg) were placed in a 1.5-ml microcentrifuge tube with a secure fitting flattop cap (Superlock tubes; BIOzymTC) containing a stainless steel bead (3.97 mm in diameter) and 300 µl of extraction buffer (0.02 M phosphate-buffered saline, 0.05% Tween T25, 2% polyvinylpyrrolidone, and 0.2% bovine serum albumin). The tube was placed in a bead mill (Mixer Mill MM300; Retsch) for 80 s at 1,800 beats/min. The mixture was centrifuged for 5 s at maximum speed in a microcentrifuge (16,100 × g) and 75 µl of the resulting supernatant (i.e., plant sap) was used for DNA isolation.
DNA was isolated using the reagents of the Qiagen DNeasy Plant Mini Kit (Westburg, Leusden, The Netherlands) according to the manufacturer's instructions. The DNA was eluted in 50 µl of elution buffer and further purified using polyvinylpolypyrrolidone (PVPP) (Sigma, Zwijndrecht, The Netherlands) columns. The columns were prepared by filling Axygen Multi-Spin columns (Dispolab, Asten, The Netherlands) with 0.5 cm of PVPP, placing it on an empty reaction tube, and washing twice with 250 µl of DNAse-and RNAse-free water by centrifuging the column for 5 min at 4,000 × g. The DNA suspension was applied to a PVPP column and centrifuged for 5 min at 4,000 × g. The flow-through fraction was used as input for the TaqMan assays.
Automated DNA isolation was performed with the KingFisher 96 magnetic particle processor (Thermo Electron Corporation, Breda, The Netherlands) using the QuickPick Plant DNA kit from Bio-Nobile (Isogen Life Science, IJsselstein, The Netherlands) according to a protocol developed by the manufacturer (K. Kontu, personal communication). Briefly, 5 µl of proteinase K and 50 µl of lysis buffer were added to 75 µl of the plant sap described above. After 30 min of incubation at 65°C, 5 µl of MagaZorb Magnetic Particles and 125 µl of binding buffer were added. The particle-bound DNA was washed twice with 200 µl of wash buffer and DNA was eluted in 50 µl of elution buffer. The DNA was further purified using a PVPP column as described above.
Each series of DNA extractions included multiple external controls: a negative control (DNAse-and RNAse-free water), one per five samples, to monitor false positives caused by cross contamination during DNA isolation, and a positive control to check efficiency of nucleic acid isolation. The positive controls were aliquots of a batch of sap from known P. ramorum-infected plant tissue, prepared in the same manner as the samples.
TaqMan assays. All TaqMan assays are based on sequences in the nuclear ribosomal internal transcribed spacer (ITS) region. Oligonucleotides that were used as primers and probes in the PCR are listed in Table 2 . Primers were obtained from Isogen Life Science or Eurogentec (Seraing, Belgium). 6-Carboxy-tetramethyl-rhodamine (TAMRA) probes were obtained from Applied Biosystems (Nieuwerkerk aan de IJssel, The Netherlands). Minor groove-binding nonfluorescent quencher (MGB-NFQ) probes were obtained from Applied Biosystems. All reactions were performed in 0.2-ml optical grade plates (Applied Biosystems) in an ABI PRISM 7900HT or 7500 Sequence Detection System (Applied Biosystems).
The Phytophthora spp. TaqMan assay was performed using the reagents from the qPCR Core Kit from Eurogentec. The 25-µl reaction mixture contained reaction buffer with ROX passive reference, 0.4 µM each primer FITS_15Ph and RITS_279Ph, 0.132 µM probe all_phy, 200 µM dNTP/dUTP mix, 5 mM MgCl 2 , 0.625 units of HotGoldStar Taq DAN polymerase, and 1 µl of DNA isolated from the fungal cultures (5 ng/µl) ( Table 1) or plant (unknown concentration). The cycling conditions were 2 min at 50°C, 10 min at 95°C, and 40 cycles at 95°C for 15 s and 60°C for 1 min. The threshold value was set at a fluorescence (ΔRn) of 0.1. A cycle threshold (Ct) (the PCR cycle where the fluorescent signal exceeds that of the threshold value) <35 was scored as a positive result. Where appropriate, PCR products obtained with the Phytophthora spp. TaqMan assay were sequenced to confirm amplification and to determine the species. The P. ramorumspecific TaqMan assays developed at CSL (15) and the University of California, Berkeley (UCB) (13) were performed using the 2× concentrated TaqMan Universal Master Mix (Applied Biosystems). The 25-µl reaction mixture of the CSL TaqMan assay contained TaqMan Universal PCR Master Mix, 0.9 µM each primer Pram-114Fc and Pram-190R, 0.3 µM probe Pram probe, and 5 µl of DNA isolated from the plant. Cycling conditions were 10 min at 94°C and 40 cycles at 94°C for 15 s and 60°C for 1 min. The threshold value was set at a ΔRn value of 0.04. A Ct <35 was scored as a positive result. The 15-µl reaction mixture of the UCB TaqMan assay contained TaqMan Universal PCR Master Mix, 0.2 µM each primer Pram-5 and Pram-6, 0.2 µM probe Pram-7, and 5 µl of DNA isolated from the plant. Cycling conditions were 3 min at 95°C and 40 cycles at 95°C for 15 s and 60.5°C for 1 min. The threshold was set at a ΔRn value of 0.2. A Ct <35 indicated a positive result. In the original publications of the CSL and UCB P. ramorum TaqMan assays, Ct cutoff values were set at 36 and 40, respectively (13, 15) . To avoid potentially false-positive results, we have interpreted the TaqMan data conservatively by using an arbitrary Ct cutoff of 35.
Similar to each series of DNA extraction, each series of amplification reactions included external controls: a negative control (DNAse-and RNAse-free water) to test for contamination with DNA as well as a positive control (DNA from a reference strain of the pathogen) to monitor the performance of the PCR. The positive controls should have Cts <35 and the negative controls should have Cts of 40. Because the negative controls are monitoring contamination they are assessed at a higher Ct threshold than the positive controls. The assessment of Ct values in the range of 35 to 40 enables early tracking of contamination.
In addition to the external positive and negative controls for DNA extraction and amplification, two types of internal positive controls (giving information regarding the efficiencies of nucleic acid isolation and amplification, respectively, in each individual sample) were used. False negatives due to inefficient DNA extraction were monitored using an internal TaqMan assay control based on exogenous DNA: a conserved region in the plant cytochrome oxidase (COX) gene (39) . The 25-µl reaction mixture contained TaqMan Universal Master Mix (Applied Biosystems), 0.3 µl of each primer COX-F (5′-CGTCGCATTCCAGAT-TATCCA-3′) and COX-RW (5′-CAACTACGGATATATAAGRR-CCRRAACTG-3′), 0.1 µM COX probe (5′-VIC-AGGGCATTC-CATCCAGCGTAAGCA-TAMRA-3′), and 2 µl of DNA isolated from the plant. Cycling conditions were 10 min at 94°C and 40 cycles at 94°C for 15 s and 60°C for 1 min. The threshold was set automatically. Samples with a Ct <35 were scored as positive. To monitor false negatives resulting from inhibition of the amplification reactions, duplicate reactions of the UCB P. ramorum TaqMan assay were spiked with 0.25 fg of exogenous DNA: a plasmid (pGEM-T Easy) containing the P. ramorum PCR product amplified with primers Phyto1 and Phyto 4 ( Table 2) .
Cloning of ITS sequences in pGEM-T Easy. To provide exogenous DNA for spiking amplification reactions, PCR product amplified with primers Phyto 1 and Phyto 4 (Table 2) from P. ramorum isolate CBS 101330 (PD 98/5233) (21, 40) was cloned into the pGEM-T Easy vector (Promega) according to standard procedures (32) . Plasmid DNA was isolated using the Qiagen Plasmid Mini Kit.
Conventional PCR assays. The 50-µl reaction mixture was composed as follows: 0.2 µM each primer Phyto 1 and Phyto 4 Sequencing. Sequencing reactions were performed directly with purified PCR products using the Big Dye Terminator Kit (Applied Biosystems) with the primers FITS_15Ph and RITS_279Ph (Table 2) according to the manufacturer's protocol. Sequencing samples were analyzed on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). The PCR products were sequenced in both directions. Contig assembly as well as the final alignment of consensus sequences was performed using the SeqMan and MegAlign modules of the Lasergene software (DNAstar, Inc., Madison, WI).
Precautions to prevent DNA contamination. Prevention of contamination was accomplished by physical separation of the different steps in the PCR procedure, using different pipettes (with aerosol-resistant pipette tips) (self-sealing noncollapsing [SSNC] filter tips, BIOzymTC), and wearing separate coats and gloves in each of the three laboratories used. One laboratory was used for preparing reaction mixes, one for the nucleic acid extraction, and one for the analysis of PCR products. The workflow was organized in a way that contamination risk was minimized. Chemical decontamination of surfaces and equipment was performed with 1% sodium hypochlorite (29, 31) .
Interpretation of TaqMan results. The results of each series of P. ramorum and Phytophthora spp. TaqMan assays were considered to be reliable if all negative and positive controls in each series gave the expected results (positive results for positive controls and negative results for negative controls). In case the results of the controls were not as expected, the following procedures were followed. If the positive amplification control gave a negative result, a technical failure (e.g., omission of one of the components of the reaction mix) had occurred and the TaqMan assay was repeated. If the positive DNA isolation control gave a negative result, there was a failure in the DNA extraction procedure and the TaqMan assay was repeated with DNA extracted from the duplicate sample. If both the TaqMan assay and the internal COX control gave a negative result, but the spiked sample gave a positive result, presumably due to DNA of insufficient quantity or quality, then the TaqMan assay was repeated with DNA extracted from the duplicate sample. If the TaqMan assay gave a negative result for both the sample and the spiked sample (and, as a consequence, also the internal COX control), inhibitors of the DNA polymerase were present in the DNA and the TaqMan assay was repeated with 10-fold diluted DNA extract. If one of the negative controls was positive, a contamination had occurred and the TaqMan assay had to be repeated with DNA extract from the duplicate sample. An extensive review regarding the use of positive and negative controls and their interpretation has been published previously (19) . Analysis of test results. The diagnostic ability of each test was quantified by calculating diagnostic sensitivity and diagnostic specificity. In diagnostic practice, only the test result is known. We wanted to know how reliable the test was at predicting the presence of P. ramorum. We wanted to determine what proportion of plants with positive test results was truly positive. Therefore, we used predictive values. The following definitions were used: analytical sensitivity = smallest detectable amount of target (= detection limit); analytical specificity = ability of a test to identify the target from nontarget giving a measure of crossreactivity to nontarget; diagnostic sensitivity = proportion of true positives correctly identified by the test (= probability that the test gives a positive result when the disease is present); diagnostic specificity = proportion of true negatives correctly identified by the test (= probability that the test gives a negative result when the disease is not present); positive predictive value (PPV) = proportion of the samples with positive test result correctly identified by the test (= probability of disease when the test is positive); negative predictive value (NPV) = proportion of the samples with negative test result correctly identified by the test (= probability of not having the disease when the test is negative); and prevalence = proportion of cases of the disease (2,3). Positive and negative predictive values depend on the prevalence of the disease in the population in which the test is applied. Therefore, prevalence-dependent predictive values were calculated according to Bayes's theorem (1) using the following equations: PPV = diagnostic sensitivity × prevalence/([diagnostic sensitivity × prevalence] + [(1 -diagnostic specificity) × (1 -prevalence)]) and NPV = diagnostic specificity × (1 -prevalence)/([(1 -diagnostic sensitivity) × prevalence] + [diagnostic specificity × (1 -prevalence)]).
To be able to calculate diagnostic values, a reference or "gold standard" is necessary to determine which samples are considered to contain P. ramorum (true positive samples). According to the diagnostic protocol of the European and Mediterranean Plant Protection Organization (EPPO) (8) and USDA-APHIS recommendations (37), both a positive culture result and a positive PCR result for P. ramorum are considered to be a positive final diagnosis.
Proportions were calculated for each method and compared with Fisher's exact test using the GenStat statistical software (release 8.1; VSN International, Hemel Hempstead, UK). Fisher's exact test is an unbiased, uniformly most powerful test of independence in a two-by-two table (17) . It tests the equality of two probabilities. In GenStat, the procedure Fisherexact was used to perform all pairwise tests of equality of the probability of the five methods (r = 5). Confidence intervals for means were calculated using standard methods (1) . Differences in mean Ct values were tested using paired and unpaired Student's t tests (1) . Relative quantifications based on difference in Ct values were performed using the 2 -ΔC′t method (25) .
RESULTS
Characteristics of the Phytophthora spp. TaqMan assay. To minimize the likelihood of nonspecific detection, the probe sequence was compared with sequences in the National Center of Biotechnology Information (NCBI) DNA database (GenBank) using the BLAST database search program (4) . Only sequence homologies with Phytophthora spp. were found. The analytical specificity of the assay was assessed using DNA isolated from P. ramorum (A1 and A2 mating type) and 37 other Phytophthora spp. (71 isolates), including the recently described P. cactorum × hedraiandra hybrids (26) . Also, 13 species (17 isolates) of the closely related genus Pythium were tested ( Table 1 ). All Phytophthora spp. isolates, but also five isolates of Pythium species (Pythium intermedium, P. irregulare, P. oedochilum, P. sylvaticum, and P. undulatum), gave positive results in the assay. Analysis of the ITS sequences of these species shows that the primer and probe sequences are 100% identical to the corresponding regions in P. oedochilum. The other four cross-reacting Pythium spp. have only one mismatch with the probe. The negative results for the other five Pythium spp. tested were not caused by inhibition or inefficient DNA extraction as tested by conventional PCR with universal fungus primers ITS1 and ITS4 (41) . All Pythium isolates tested gave positive results by showing amplicons, meaning that the DNA was of sufficient quality and quantity for amplification and that no inhibition of the amplification occurred.
A 10-fold dilution series starting with 10 ng of DNA of P. ramorum isolate CBS 101553 (Table 1) was tested using the assay. The standard curve calculated from triplicate amplifications showed a linear response from 1 ng down to 10 fg (Fig. 1) . To determine whether DNA from rhododendron would affect the efficiency of the assay, the dilutions also were tested in the presence of 1 µl of DNA extracted from 75 µl of sap of healthy rhododendron leaves. This amount of extracted plant DNA used in this experiment was the same as when field plants were sampled. The Ct values were very similar over the range of DNA concentrations tested in the presence or absence of rhododendron DNA.
Method comparison. We compared the performance of six diagnostic methods able to detect P. ramorum. Three methods allowed species identification: isolation followed by morphological examination, UCB P. ramorum TaqMan assay (13) , and CSL P. ramorum TaqMan assay (15) . The other three methods were ELISA (Agdia), LFD (Pocket Diagnostic), and the Phytophthora spp. TaqMan assay diagnose to Phytophthora genus. The results with all assays performed on 148 rhododendron field samples (74 leaf samples and 74 stem samples) are summarized in Table 3 (categories a to p). Each sample in a category with either a positive P. ramorum TaqMan result or a positive culture result for P. ramorum was considered to contain P. ramorum, resulting in a positive final diagnosis.
Comparison of overall test results. In all, 33 samples (Table  3 , category a) were positive with all tests (P. ramorum-positive), whereas 61 samples (category b) were negative with all tests (no Phytophthora spp. present). For four samples (category c), all results were consistent with the presence of another Phytophthora sp., initially identified as P. cactorum (Lebert & Cohn) J. Schröt by morphological analysis, but showing numerous abortive oospores. In a detailed study, these isolates proved to be P. cactorum × hedraiandra hybrids (26 to j) , the different results with the assays used were caused by the presence of another Phytophthora sp., which was P. cactorum × hedraiandra as determined by morphological analysis or sequencing. In 10 of these 13 samples (categories d to h), there was co-infection of P. ramorum and P. cactorum × hedraiandra because both Phytophthora spp. were detected by P. ramorum TaqMan, sequencing, and culture-based identification. In 2 of these 13 samples (categories d and e), P. ramorum was detected by P. ramorum TaqMan, whereas culture and sequencing detected P. cactorum × hedraiandra. This result indicated that the other Phytophthora sp. outgrew P. ramorum on the agar plate and that it was present in excess over P. ramorum and was amplified at the cost of P. ramorum in the Phytophthora spp. TaqMan PCR. Of the 17 samples that contained P. cactorum × hedraiandra (categories c
Comparison of P. ramorum TaqMan assays. Both assays (CSL and UCB) scored 57 samples (Tables 3, categories a, d , e, g, l, m, and n; and 4) as positive. However, the mean difference in Ct value of these samples with the UCB P. ramorum TaqMan assay (13) was 4.3 cycles lower than that obtained with the CSL P. ramorum TaqMan assay (15) (mean Cts of 23.1 and 27.4 for UCB and CSL P. ramorum TaqMan assays, respectively; 95% confidence interval 3.7 to 4.9; P < 0.001, two-tailed paired Student's t test) corresponding to an ≈20-fold higher analytical sensitivity for the UCB P. ramorum TaqMan assay (data not shown).
Comparison of DNA extraction methods. To determine whether the DNA isolation method influenced the results of the amplifications, we compared TaqMan results from DNA isolated using the standard method (i.e., the column-based Qiagen DNeasy Plant DNA extraction method) with those from DNA isolated using a magnetic bead-based method, the QuickPick Plant DNA Kit from Bio-Nobile, using the KingFisher 96 magnetic particle processor. The QuickPick Plant DNA isolation method was performed on plant sap aliquots from 137 of the 148 rhododen- 
ramorum Positive a Sample category. b Number of samples. c TaqMan assays were performed with DNA isolated with the DNeasy Plant DNA kit from Qiagen; UCB = University of California, Berkeley (13) Phytophthora ramorum; CSL = Central Science Laboratory, York, UK (15) P. ramorum; Na = not applicable; and Nd = not done. d Phytophthora spp., this study. e Sequencing Phytophthora spp. amplicon. P. cactorum × hedraiandra (P. cacto × hedr) is a recently described hybrid (26) . f Isolation of Phytophthora spp. g Final diagnosis: Positive, P. ramorum present; Negative, no P. ramorum present. P. ramorum was considered to be present in the sample if P. ramorum was isolated or if at least one of the P. ramorum TaqMan assays was positive.
dron test samples that were used for the DNeasy DNA isolation method. The samples were amplified using the UCB P. ramorum TaqMan assay routinely used for P. ramorum detection in our lab. The results of this experiment are shown in Figure 2A and B. A total of 48 samples scored positive with the DNeasy Plant DNA extraction method. These 48 samples and 2 additional samples were positive using the QuickPick Plant DNA isolation method. For the two samples positive only with the QuickPick Plant DNA isolation method, the corresponding DNeasy Ct results were 37.2 and 39.0, which were scored negative because they were in excess of the cut-off Ct value of 35. The mean Cts of the two methods were calculated with the Cts of the 50 samples that were positive with both methods. The mean Cts were 23.7 and 22.1 for DNeasy and QuickPick, respectively. The 1.6 cycles lower Ct value (95% confidence interval 1.0 to 2.2; P < 0.001, two-tailed paired Student's t test) for the QuickPick method corresponded to a twofold lower detection limit. To demonstrate the importance of the purity of the DNA on the amplification efficiency, we also performed the UCB P. ramorum TaqMan assay on DNA samples obtained with the QuickPick kit, but with the PVPP purification step omitted ( Fig. 2A and B) . The number of positives decreased from 50 to 38, with an increase of 7.6 cycles in Ct value (95% confidence interval 5.9 to 9.3; P < 0.001, two-tailed paired Student's t test) (200-fold higher detection limit compared with PVPP) of Ct values from 22.1 to 29.7, demonstrating the benefit of DNA purification.
Comparison of P. ramorum TaqMan assays and culturebased morphological identification. In all, 34 samples (Table 3, categories a and g) tested positive for P. ramorum by both P. ramorum-specific TaqMan and culture-based morphological identification, and 80 samples (categories b, c, i, j, and k) were negative with both methods, resulting in a concordance of 77% ([34 + 80]/148). In all, 23 samples (categories d, e, l, m, and n) were positive for P. ramorum with TaqMan only; 2 of these 23 (categories d and e) contained not only P. ramorum but also P. cactorum × hedraiandra as identified by morphological analysis and sequencing, whereas 11 (categories f, h, o, and p) were P. ramorum positive with culture only. An explanation for these 11 false-negative P. ramorum TaqMan results is that the amount of DNA used for the TaqMan assay corresponded to a 40-fold smaller volume of plant parts than used by isolation (0.025 cm 2 versus 2 cm 2 ). To investigate whether Ct values are good predictors for viability of P. ramorum, we compared P. ramorum TaqMan Ct values (UCB assay) of samples from which P. ramorum was cultured and from samples where P. ramorum was not recovered by culture. The mean Ct values of the 23 P. ramorum TaqMan-positive (UCB assay), culture-negative samples was 23.8, whereas the mean Ct of the 34 P. ramorum TaqMan-and culture-positive samples was 22.6 (least significant difference = 1.7 [at α = 0.05]; P = 0.15, two-tailed unpaired Student's t test). Thus, it was not possible to predict viability of P. ramorum based on Ct values.
Accuracy of tests. The accuracy of each test for detection of P. ramorum was analyzed by calculating the diagnostic sensitivity, diagnostic specificity, PPV, and NPV (Table 4) . We defined a sample with either a positive P. ramorum TaqMan result or positive P. ramorum culture result as a true positive result. The method with the highest calculated diagnostic sensitivity for detection of P. ramorum was the Phytophthora spp. TaqMan assay (94.1%), followed by ELISA and LFD (both 91.2%), P. ramorum TaqMan assay (83.8%), and culture-based morphological identification (66.2%). The differences in diagnostic sensitivity of ELISA, LFD, and TaqMan assay for detection of Phytophthora spp. were not statistically significant, whereas culture-based morphological identification was significantly less sensitive than the other methods. The PPVs and NPVs shown in Table 4 are only valid for this experimental population, with a prevalence of 42%. To demonstrate the effect of prevalence on the predictive values, estimations of these parameters at different chosen prevalences were assessed (Tables 5 and 6 ). Negative predictive values for all assays were >95% at prevalence <10%. At a prevalence of 1%, NPVs were >99.5%.
DISCUSSION
Thus far, no comparisons of immunological with both molecular and morphological methods for detection of P. ramorum have been published. In this article, all types of assays currently in use for detection of P. ramorum were compared. Three Phytophthora spp. assays detect all Phytophthora spp.; however, none is genus specific. This study shows that the Phytophthora spp. TaqMan assay detects several Pythium spp., and the antibodies used for ELISA and LFD cross-react with several Pythium spp. (Neogen Corporation) (34) . The manufacturer of the ELISA kit reports cross-reactivity with 10 of 19 species tested (Agdia). Nevertheless, because all generic assays have higher diagnostic sensitivities than the P. ramorum-specific assays (Table 4 ), they are suitable to be used as a first screen, where a positive result should be confirmed with a method that is specific for P. ramorum.
All generic methods had similar diagnostic sensitivities for P. ramorum detection: 94.1% for the Phytophthora spp. TaqMan and 91.2% for both ELISA and LFD. An evaluation study of LFDs used at the site of inspection reports a comparable diagnostic sensitivity of 87.6% (22) . The diagnostic sensitivities of the two P. ramorum-specific TaqMan assays (83.8%) both were significantly higher than that of culture-based morphological identification (66.2%). This difference between PCR and culture is comparable to the observed difference between conventional PCR and culture as demonstrated in a previous study with 129 field samples (19) with sensitivities of 92 and 78%, respectively. The low diagnostic sensitivity of culturing could be due to unfavorable environmental conditions because the samples were taken in August and September 2005, during the dry period in The Netherlands. Furthermore, our study shows that, in case of co-infection with another Phytophthora sp., culturing can fail to detect P. ramorum-positive samples. Molecular identification methods can be used for large-scale testing.
ELISA reagents are cheap (<$0.5 per sample) and relatively easy to perform and their 96-well format makes them suitable for large-scale prescreening, especially when the assay is automated on a robotic workstation. Compared with ELISA, LFD reagents are more expensive ($15) and cost very little to perform but are not suitable for large-scale testing. Their strength is that they are rapid and robust and can be used outside the laboratory. In the United Kingdom, LFDs are being used by Plant Health and Seeds Inspectorate field inspectors of the Department of Environment, Food and Rural Affairs and by woodland officers of the Forestry Commission for monitoring for P. ramorum and P. kernoviae (22) . The Phytophthora spp. TaqMan assay was tested and also included in the comparisons to solve discrepancies between ELISA, LFD, P. ramorum TaqMan, and culturing because Phytophthora spp. can be identified by sequence analysis of the PCR product. The assay has no additional value as a screening method when the target of interest is only P. ramorum, because the costs are the same as those of the specific P. ramorum TaqMan assays (≈$5) plus the cost of sequencing ($30). However, when diagnosis of all Phytophthora spp. is necessary, the Phytophthora spp. TaqMan is useful.
In six samples, the Phytophthora spp. TaqMan and LFD detected P. cactorum × hedraiandra. The same six samples also were positive with ELISA. Twelve additional samples were positive with ELISA, whereas no Phytophthora spp. were detected using other methods. For these samples, cross-reactivity of the antiserum with Pythium spp. cannot be excluded. For prescreening tests, both high sensitivity and high NPVs are important because reliability of negative results is very important. The NPVs of all generic assays were higher than those of the specific assays, although, at low prevalence, the values were very close. For example, at a prevalence of 1%, the NPVs of ELISA and morphological identification were 0.999 and 0.997.
Real-time PCR can be performed in a 96-well format; however, when performing column-based DNA extraction methods like the DNeasy kit, DNA isolation becomes the rate-limiting step, because only 12 to 24 samples can be processed simultaneously. In this study, we showed that automation of nucleic acid extraction using the KingFisher 96 system, where 96 samples can be processed simultaneously, gives excellent results (Fig. 2) and reduces sampling handle time. Not only were Ct values 1.6 cycles lower for the KingFisher method compared with the DNeasy method tested on 137 samples but, in addition, two more positive samples also were detected, which increased the diagnostic sensitivity from 82.2 to 86.2%. We also showed that purification of DNA with PVPP improves amplification because Cts increased by 7.6 cycles and the diagnostic sensitivity decreased to 65.5% when the PVPP purification was omitted.
We compared the results of two P. ramorum-specific TaqMan assays to examine whether the choice of assay influenced the results with respect to the diagnostic sensitivity and Ct values. There was no difference in diagnostic sensitivity between both methods, although the mean Ct of samples tested with the CSL P. ramorum TaqMan assay was 4.3 cycles higher (corresponding to a 20-fold increase in detection limit) compared with that of the UCB P. ramorum TaqMan assay. This difference in Ct values reflects the difference in detection limit of both assays. The UCB P. ramorum TaqMan assay has a detection limit of 50 fg of template DNA (13); the CSL P. ramorum TaqMan assay has a 100-fold lower detection limit of 5 pg of DNA (15) . The original CSL P. ramorum TaqMan assay, designed with a different forward primer (114F instead of 114Fc), has a detection limit comparable with that of the UCB P. ramorum TaqMan assay, 100 fg of template DNA; however, cross-amplification occurred with cultures of P. lateralis Tucker & Millbrath, the close relative to P. ramorum based on molecular phylogeny (40) . Therefore, a nucleotide change at the 3′ position was introduced to make the primer sequence more distinct from the ITS target sequence of P. lateralis. (15) and University of California, Berkeley (13) P. ramorum assays were identical. When a nested approach was used for the UCB P. ramorum TaqMan assay, Hayden and coworkers (14) reported a 3.3-fold lower detection limit (15 fg of DNA) compared with the singleround approach (50 fg of DNA) used in this study. No crossreaction with P. lateralis was reported in their study. Even though the authors report almost threefold higher positive scores with the nested approach, we did not choose this approach because nested PCRs are very prone to contamination with amplification products, because of the high number of molecules (>10 12 per reaction) produced in an amplification reaction. In our study, we found identical positive rates with two assays with a reported 100-fold difference in detection limit. When working with non-PVPPpurified DNA, we found a dramatic decrease of sensitivity (analytical and diagnostic), demonstrating that the purity of DNA has more effect on the efficiency of PCR than the detection limit. A similar effect for DNA extractions from other plant species has been demonstrated by Martin et al. (24) . Using the PVPP purification, there is no need to use diluted DNA extract prior to amplification. Dilution of DNA is a common practice in cases where the quality of the DNA is insufficient. Hayden and coworkers used 100-fold diluted DNA extracts from plants; the need to dilute the DNA indicated the presence of inhibitors in the DNA extract, even though purified DNA was used (Geneclean Turbo Nucleic Acid Purification Kit; Qbiogene). The plant material used in their study included wood and comprised several hosts, whereas our study was performed with leaves and stems of Rhododendron only. The authors showed that nested TaqMan performs better than single-round TaqMan using DNA extracted from Lithocarpus densiflorus. These data support our finding that quality of DNA is more critical for successful amplification than the detection limit of the PCR.
We conclude that the diagnostic values of ELISA, LFD, and the Phytophthora spp. TaqMan assay make these methods suitable as prescreening methods. Samples with a negative result in the prescreening assay can be diagnosed as negative, whereas positives must be confirmed using additional specific methods. The prescreening approach can be very efficient when negatives are expected, such as when monitoring plants in the nursery trade. The broad screen also allows detection of other (new) Phytophthora spp. In test populations with a high prevalence, such as at a known outbreak site, it is more efficient to omit prescreening and use a method that is specific for P. ramorum. Both molecular and culture-based morphological identification are approved methods for identification of P. ramorum. Because both PCR and culture have lower sensitivities than ELISA, it will not always be possible to confirm ELISA-positive results with these methods. In such cases, additional samples have to be investigated. In critical situations (e.g., in the case of a first finding on a new host or site), it is advisable to rely on both a P. ramorum TaqMan assay and a culture. For routine testing, in most cases, it will be sufficient to rely on the TaqMan results.
